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ABSTRACT 


Thirty-five (35) furnace runs were carried out during this 
quarter, of which 25 produced a total of 120 web crystals. Lengths in 
excess of two meters and widths over 27 nun were achieved. A variety of 
lid and susceptor configurations have been used to modify the thermal 
geometry of the system in an effort to grow wider and longer web 
crystals of high quality. 

The two main thermal models for the dendritic growth process 
have been completed and are being used to assist the design of the 
thermal geometry of the web growth apparatus. The first model, a finite 
element representation of the susceptor and crucible, has been refined 
to give greater pracision and resolution in the critical central region 
of the melt. The second thermal model, which describes the dissipation 
of the latent heat to generate thickness-velocity data, has been 
completed. Both models have been validated by comparison of predicted 
results with experimental data; both are in excellent agreement with 
reality. The second model also gives temperature distributions in the 
growing web so that it can be applied to the evaluation of thermally 
generated stress in the crystal. 

Width versus length data generated for dendritic web crystals 
indicate that the widening rates of the crystal are related to the lid 
design, however, the differences between most of the lid configurations 
are relatively small. More importantly, the data indicates that even 
in the current system which has only a 76 ram diameter crucible, ultimate 
widths of dendritic web crystals should be in the 30 to 40 mm range. 
Thickness measurements on the crystals being grown are in excellent 
agreement with the predictions of the thermal model, and modifications 
of the lid designs to increase the growth velocity are being investigated. 
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As longer and wider web is being grown, strain in some 
crystals has been noted. In these cases growth runs are intentionally 
terminated because of crystal warpage, rather than because of tempera- 
ture fluctuations as in the past. Residual stress measurements based 
on crystal splitting are being made in some of the crystals being 
grown and these results will be correlated with predictions of the 
thermal models. The models will then be used to generate susceptor 
lid configurations producing smaller th rmal stresses in the growing 
crystal. 

In addition to the residual stress measurements, both x-ray 
topographic and etching examinations have been made on web '’.rystals. 

To date, the results confirm earlier conclusions that most dislocations 
are generated in either the initial button or in the bounding dendrites. 
These studies are being continued to correlate crystal perfection with 
the growth conditions and with solar cell performance. 

Dendritic web samples have been fabricated into solar cells 
using a standard cell configuration and a standard process for a N -P-P 
configuration. The data indicates that web material can make very good 
solar cells with AMI efficiencies greater than 14%. In a given fabrica- 
tion run, cells made from a given crystal have almost identical 
characteristics. Further, analysis of the cell characteristics indicates 
that N “P junction on web cells is of extremely high quality. Work is 
presently in progress to correlate the cell perfortiance with the material 
quality. Studies are also underway to develop Improved processing 
techniques for dendritic web material. 

The detailed engineering design was completed for a new 
dendritic web growth facility of greater width capability than previous 
facdlltles. Fabrication of component parts and assembly have begun. 
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1. INTRODUCTION 


The overall intent of this program is to further develop the 
dendritic web crystal growth process to the eKtent that it supports the 
economic goals of the Large Area Silicon Sheet Task of the Low-Cost 
Silicon Solar Array Project. 

The ability of this process to produce crystals for high 
efficiency solar cells, 14 percent AM-1 or higher, is well known and has 
been demonstrated in pilot production and in this program. The prior 
state of development of the process did not, however, have sufficient 
throughput to satisfy the coat goals of the LSSA Project. 

Consequently, a key goal of this program is to increase the 
throughput of the process in terms of greater width (to 7.5 cm), greater 
speed (to 7.5 cm/mln) and greater length (to >10 meters) within the web 
thickness range of 100 to 200 pm. These goals are being sought via two 
growth facilities: an existing facility which is undergoing continued 

development and a new facility now in the construction and assembly phase. 

The existing facility has produced crystals to 2.7 cm width 
and 3 meters length. Growth rates for useful material in the range of 
100 to 200 pm thickness have reached 2.5 cm/min although some experimental 
growth at rates as high at 10 cm/min have been achieved for very thin web. 
The goal of this phase of the program is to achieve a growth width equal 
to the 5 cm dimensional capacity of the facility and a growth rate of 
5 cm/minute. Both facilities have provision for adding polycrystalline 
silicon feed material to the melt for achieving a quasi~continuous growth. 

The new facility, when completed, will have capacity to meet 
the full throughput goals stated above. The growth run experiments with 
both facilities will be used to identify the necessary on-line process 
parameter measurements and control. 
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Computer thermal models are a critical factor in the successful 
development of the process. The models arc verified and refined initially 
by temperature measurements of sensors located in the thermal system and 
subsequently by correlation with actual web growth results. As the 
program progresses, a large volume of data is being generated and related 
to growth conditions, crucible system geometry, crystal quality, etc. 

During the process development period with both facilities the 
web crystals grown will be used for several purposes. The growth is 
routinely selected and evaluated in terms of its dimensional, crystalline, 
electronic, and solar cell properties. For solar cell evaluation a 
"standard" fabrication procedure suitable for web crystals is used. 
Crystals are also provided for another program goal which is developing 
improved solar cell fabrication techniques especially suited to web 
crystals. Finally, selected web crystals and solar cells are being sent 
to JPL. 

Growth runs will also be performed to determine the interaction 
of controlled amounts of selected impurities with growth conditions and 
parameters. This evaluation will be performed in a third web growth 
facility which is also used for other web programs. 

As the program progresses, an economic analysis will be 
developed and updated in response to continued process development. 
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TECHNICAL DISCUSSION 


Experimental Web Growth 

The major objectives of the work during this reporting period 
have been (1) to improve the thermal geometry as required to Increase 
web width, (2) to gather baseline thermal data both for system charac- 
terisation and for input to the thermal modeling, (3) to verify 
experimentally the results of the thermal modeling, and (4) to groxj 
web material for evaluation and solar cell processing. 

During this reporting period, 35 furnace runs were made, of 
which 25 were productive web growth runs. A total of 120 identified web 
crystals were grown. Pertinent data for each is tabulated in Section 6.1. 
Continuous lengths of over two meters and widths over 27 mm were obtained. 

The experimental procedures in the web groi^th runs have 
involved systematic variations in lid and susceptor configurations so 
as to alter heat losses and thus refine the thermal geometry of the melt 
in an effort to grow wider weh crystals. In order to strengthen the 
data base, configurational features, e.g., slot geometry, are sometimes 
used which are not necessarily expected to be productive from a web 
throughput point of view, but provide valuable information as part of a 
systematic series of changes. We feel that this approach provides an 
extended data base which will be very beneficial in the long run. In 
addition, this approach permits us to test and verify the results of the 
thermal modeling. Thus, we have established a consistency between 
experiment and modeling results which give confidence in the usefulness 
of the modeling for guidance in future design changes. 

As longer and wider web crystals have been growi, we have 
observed in some cases crystal deformation due to thermally induced 
strain. This has resulted in prematurely terminating the crystal 
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growth while the web was m widening. Thus the full width capabilities 
of our experimental configurations have not yet been realised. This 
factor introduces an extra thermal requirement in the design of experi- 
mental configurations in addition to maximising web width. The origin 
of the thermally induced strain and strategies for minimising its harmful 
effects arc discussed in more detail later in this report. 

Crucibles fabricated by Amcrsll Corp. have been obtained and 
used during this period. These have substantially improved run- to-run 
reproducibility by minimising the variations in fit between crucible 
and susceptor which had plagued us previously. 

Thermal Modeling Related to Dendritic Web Growth 

In the present development program two separate thermal models 
are being developed as design tools to facilitate the development of 
appropriate crucible and susceptor configurations. The first model, 
which calculates the three dimensional temperature distribution in the 
susceptor and melt, has as its goal the development of a temperature 
distribution conducive to the growth of wide dendritic web. The second 
model, which analyses the dissipation of the latent heat of fusion both 
to the web itself and to the supercooled melt, has as its main goal the 
development of a slot geometry conducive to increased growth velocity. 

m 

This model also provides the basic temperature data necessary for an 
analysis of any thermally induced stress in the growing ribbon. 

During this quarter, the first model was completed and 
temperature distributions were calculated for a series of lid slot 
geometries, some of which are shown in Fig. 1. These initial results 
showed considerable scatter in the temperature plot, a "grain" which vas 
attributed to the rather -oarse net of connections used to model the 
radiation transfer from the melt surface. The melt surface was modeled 
as a rather large number of elements, and several elements were grouped 
to a single radiation link. Initially, it was thought that the "grain" 
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iu tlJo output eould bt? tolerated and roaeonable reoulto obtained by 
averapinp, the pointo. In one inotance, however, the calculationr. showed 
an unniGtaUable tonperature ciinimuci in the temperature profile when there 
waa no phyeleal reaaon fo»- Hueh a minimum to oecur, Stnee a modest 
amount of precision if not accuracy was desired, especially near the 
center of the melt, the mode] was refined by makinp, radiation links to 
every surface node. Thene three links represented the radiation transfer 
to the slot, to the lid, and to the wall of the susceptor above the melt. 
When this modified version of the model was run, the scatter in the 
temperature profiles was essentially eliminated and the unexpected 
minimum was not observed, typical melt surface temperature profiles 

ar‘* shown in Fifi. 2. One of the profiles is for the lid geometry with 
slot 1, and the other profile is for slot 5, a modification of slot 2 
where tne total length has been increased to 70 mm. Also shown in 
Fig. 2 is the t^^mperature profile along a radius perpendicular to the 
slot. This profile is essentially the same for both slots. It can be 
seen that the temperature profile parallel to the slot is essentially 
flat for 1 to 1.5 cm either side of center, which is consistant with 
the observation that the web continues Co widen even at 27 ram total width. 

It should be noted that the temperatures plotted In Fig. 2 are 
"adjusted temperatures*" the computed temperatures have been adjusted 
to give 1685°K at the center of the slot. Although measured temperatures 
in the susceptor wall have been used as the boundary conditions for the 
model there is some uncertainty in the actual thermocouple calibrations, 
etc. and the actual calculated temperatures differ by about 6° from the 
measured temperatures in a system. From a thermal model standpoint, 
this differential is not significant, and considering the uncertainties 
in the thermal constants of the materials, especially the heat transfer 
from the molybdenum susceptor to the silicon melt, this agreement seems 
excellent. 
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Radius, cm 

Fig. 1 - Calculated temperatures on melt surface 


These results seem to validate the thermal model and It can 
noif be used as a design tool for further development of susceptor and 
lid configurations. T\i?o extensions of the model are presently under 
development. The first is a circular crucible and susceptor similar to 
the present design but with a 106 mm diameter crucible Instead of the 
present 79 mm crucible; the susceptor dimensions are unchanged (see 
Drawings 1689B31, items 1 and 2, and Drawing 8520D49). In addition, an 
elongated crucible and susceptor are being modeled (Drav.'lngs 8520D52 
and 1691B62). 

The second thermal model describes the modes of dissipation 
of the latent heat of freezing in order to develop thermal designs for 
faster growth. As with any ribbon growth technique, part of the latent 
heat is dissipated through the growing ribbon itself. In addition, 
since dendritic web grows from a sunercooled melt, some of the latent 
heat is dissipated to the liquid silicon. Both heat loss modes have 
been modeled, and a thickness-velocity curve has been generated for a 
lid configuration which has actually been used to grow w. comparison 

of the experimentally observed thickness-velocity data with t ’ predictions 
of the model is shown in Fig. 3. It can be seen that the a eement between 
theory and experiment is excellent, which gives a high d. »ree of confidence 
both for tlie overall model and for the individual components of the model. 

The particular lid design for the case shown in Fig. 3 was the 
starting geometry in a series of experiments on the effect of beveling 
the edges of the slot. The lid tjas relatively thick (8 mm) and had no 
bevel on the slot. As can be seen, this low heat loss condition gave 
relatively slow growth, e.g., a 150 urn web would grow at only 1.3 cm/rain. 

A 3 mm X 3 mm bevel on the slot Increased this velocity to about 2 cm/ralr, 
and a 6 mm X 6 mm bevel increased the velocity to about 3.5 cm/min. In 
addition to such parameters as the effective lid thickness (slot bevel), 
the thermal model also indicates that other parameters such as lid 
temperature, top shield temperature, slot v^ldth, melt level below lid, 
etc. can be used to tailor the temperature profile in the growing web. 


ty. cm/min 
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Since these factors all produce a multitude of other interactions In 
the growth behavior, continued study and development is necessary to 
arrive at a configuration which could be considered optimum. 

Mechanical and Dimensional Characterization 

In keeping with the program emphasis on the growth of wide 
dendritic web, much of the material characterization has been dimensional. 
The widening rate of the crystals is of particular interest, as well as 
the steady state width for a given system configuration. The widening 
rate data for the crystals grovm during the quarter is shown in Table 1, 
both in terms of dW/dL and dW/dt. There is a moderate amount of scatter 
in the data, but some trends can be discerned. First, the first crystals 
pulled during a run tend to have the fastest widening rates. This 
apparently has to do with the level of the melt beloir the crucible lid 
which in turn affects the heat loss from the meniscus. Second, crystals 
pulled from melts having beveled slots in the lid x^iden faster than 
crystals pulled through unbeveled slots. This apparently is the result 
of modification of the heat loss from the meniscus at the edges of 'the 
dendritic web. The variations in slot geometry should have little effect 
on the temperature distribution near the center of the melt as a whole, 
but could iiave a somewhat greater effect on the heat loss from the 
meniscus regions. A variety of slot designs are being considered for 
other reasons and the effect on the widening rate will be studied. 

Perhaps more important than the widening rate itself, is the 
tendency for the crystals to reach a steady state width. In most 
Instances, the dendritic webs are continuing to widen when growth is 
purposely terminated. Although in some Instances a tendency for steady 
state width is seen, most widening behavior is exemplified by the 
width-length curve sho\m in Fig. 4 for crystals Rl’2-4 and R172-6. This 
result is consistant with the calculated melt temperature profile for 
slot 5 shown in Fig. 2. Even x^lth a 76 mm diameter crucible, the 
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Table 1 (cent.) 
Dendritic Web Widening Rates 


Widening 


Crystal 

Number 

Widening 

Rate 

m3 dW 
='dL 

Thickness 

pm 

Rate 

lO^x^ 

dt 

cm/ min 

Remarks 

154-1 

8.14 

150 

15,0 


154-2 

7.92 

150 

14.3 


154-3 

6.14 

155 

11.9 


154-6 

5.76 

165 

9.6 


156-1 

6.90 

160 

13.4 

Dogbone slotted lid; 6.3 mm wide 
terminated by 12.7 mm dia. holes 
on 44.5 mm centers; 3 x 3 mm bevel 
(oxide problems) 

156-2 

4.80 

168 

9.3 


156-3 

5.54 

ISO 

10.5 


157-1 

7.78 

165 

15.1 

M 

157-3 

7.78 

140 

15.1 


157-4 

4.80 

122 

8.7 


160-1 

8.65 

21C 

18.0 

It 

160-2 

8.67 

165 

16.8 


160-3 

7.80 

170 

14.0 


163-1 

8.30 

146 

15.6 

Straight slot, 6.4 mm wide by 
66.6 mm long. No Level. 

163-2 

7.00 

120 

12.6 


165-1 

7.80 

145 

15.1 


165-2 

6.40 

162 

11.5 

It 
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Table 1 (conU.) 
Dendritic Web Widening Rates 


Crystal 

Number 

Widening 

Rate 

Thickness 

um 

Widening 
Rate 
, ^3 dW 

cin/min 

Remarks 

170-1 

7.76 

173 

15.1 

Straight slot, 6.4 mm wide by 
66.6 long. No bevel. 

170-2 

6.67 

130 

12.9 


170-3 

7.30 

128 

13.1 


171-2 

6.10 

148 

11.8 

Slot as above, but beveled at 
ends . 

171-3 

6.10 

150 

11.8 


172-4 

7.00 

160 

14.0 

Straight slot, 7.4 mm wide by 
66.6 mm long, beveled at slot 
ends only. 

172-6 

8.10 

150 

14.6 


173-2 

7.70 

165 

15,0 


173-4 

7.10 

113 

15.6 

II 

173-5 

7.06 

113 

13.5 
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Length, cm 

Rg. 4 - Typical dendritic web wideninn 


ultimate steady state width for dendritic web has not yet been reached. 
Data from runs where some curvature Is seen in the W-L curve leads to 
an estimate of 30 to 40 nun as the steady state width for the present 
system. This would be consistant with the calculated thermal profiles. 

Web Thickness 

The thickness of a web crystal growing at a given velocity 
depends on the supercooling of the melt and on the ability of the web 
itself to radiate heat. Both of these factois were included in the 
thermal modeling for the velocity- thickness calculations, and it 
was found that such factors as the lid thickness and bevel on the slot 
should have a strong effect. Web thickness measurements have, therefore, 
been directed toward validating the thermal model; specific data is 
given in Table 1 with the widening rate data and in the run summary, 
Appendix 6.1. For practical reasons, the growth velocity for most runs 
is adjusted to give crystal thicknesses between 100 and 200 yra. 

Residual Stress 

Strain in dendritic web crystals is becoming an increasingly 
important consideration as longer and wider crystals are being grown. 

Early in the program, the growth of many crystals terminated spontaneously 
because of what we believe to be convectively generated temperature 
fluctuations in the melt. With improvement in thermal conditions, this 
phenomenon has become rare and instead some crystals develop a warp and 
twist after several meters of growth and the pull must be terminated in 
order to remove the crystal through the withdrawal duct. This behavior 
is suggestive of the thermally generated stress found by people working 
with other ribbon growth techniques in that the problem is accentuated 
in wider crystals. An excellent general discussion of the phenomenon 
is given in the Mobil-Tyco Annual Progress Report of September, 1976.^^^ 
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Briefly, a non-linear temperature profile along the length of 
the growing ribbon can cause stresses which in turn can produce both 
plastic and elastic deformations in the ribbon. These stresses are 
functions of both the ribbon width and the higher derivatives of the 
temperature profile. For example, a major component of the axial stress 
is given by 


2 2 2 
aY\r , A ‘I T 
° “fi — (1 - 3 -^) — r 

^ dz^ 


where a is the thermal expansivity, Y is Young’s modulus, W is the half 

width of the ribbon, the z coordinate is along the length of the ribbon 

and the y coordinate is in the plane of the ribbon perpendicular to z. 

Other stress components depend on higher derivatives and also have a 

higher power in the width dependence. Thus as wider ribbons are grown, 

thermal stresses should become of increasing importance. In order to 

reduce the stress in the growing crystal, the curvature of the temperature 

profile must be reduced. Other ribbon growth techniques accomplish this 

flattening of the temperature gradient by the use of after heaters; in 

the dendritic web technique, the thermal analysis developed for increasing 

the velocity also shows that a great deal of control over the temperature 

profile is possible by careful design of the susceptor cover. In fact, 

2 2 

in some instances, the second derivative, d T/dz is actually negative 
over a portion of the crystal near the melt; the hot slotted lid actually 
is heating the web. 

The experimental study of the residual stress in dendritic web 
crystals has only recently been started. The technique which has been 
used to characterize any residual stress in the dendritic web is the 
well known method of measuring the curvature of a ribbon which has been 
split down the center. The relevant equation is 


o 


YW 


b 


2 


16 


where a is the stress (before splitting, the ribbon has a tension a at 
the edges, and a compression -o at the center), Y is Young’s modulus, 

W is the total width of the ribbon and b 2 is the coefficient in 
quadratic e;cpression for the width of the split as a function of length 

2 

y a bQ + bj^x + b^x 

Here y is the separation between the two halves of the crystal and « is 

a coordinate along the length of the crystal. Fitting the experimental 

data to this quadratic form removes a variety of experimental uncertainties 

such as the origin of the crack, and any possible tilt in the x axis or 

constant separation of the two pieces of the crystal. In practice, the 

actual data shows a coefficient of determination of 0.998 or better, 

indicating an excellent agreement of the experiment to the assumed model. 

Data for some of the web samples is shot'm in Table 2. The stress values 

seem to be generally smaller than reported for other ribbon growth 

techniques. Although It may be a fortuitous result, the crystal with 

the lowest residual stress was grown with a lid which should have had a 
2 2 

smaller d T/dz than the other lids. Further design studies and 
experiments along this direction are being undertaken. 

Table 2 


Crystal 

No. 

Width 

cm 

Thickness 

pm 

Growth 

Speed 

cm/min 

Residual 
Stress 2 
dynes /cm^ 

Residual 

Stress 

psi 

R136-9 

1.60 

188 

1.94 

2.4 X 10® 

3480 

R153-1 

1.65 

170 

1.94 

2.0 X 10® 

2915 

R160-2 

2.28 

165 

1.94 

2.1 X 10® 

3090 

R165-4 

1.52 

84 

1.94 

1.9 X 10® 

2712 

R172-5 

1.46 

173 

1.80 

1.0 X 10® 

1522 


17 


Cryotal Perfection Studies 


To date, only a llmitad amount of study lias been given to the 
crystalline perfection of the dendritic web crystals. A limited number 
of x-ray topographs and etching studies have been done, however, and so 
far the results are in agreement with the observations of earlier 
investigators. ^ ' Dislocations apparently arise primarily from two 

sources: the button portion of the crystal, and as bursts in the bounding 

dendrites. Various possible techniques will be Investigated for reducing 
these imperfections in the crystal. Although the thermal stress may be 
a significant factor in the degeneration of the web crystals, other 
mechanisms involving dislocations cannot be ruled cut, and these studies 
will be continued at on accelerated pace. 

Solar Cell Studies 

Since solar cells are the anticipated end product of a dendritic 
web crystal growth process, solar cell studies are being conducted os 
part of the overall growth program. T:^o general tasks are being under- 
taken in the solar cell area: 1) the use of a standard cell design and 
fabrication process to provide an evaluation of the material on a 
semi-routine basis and 2) an investigation of techniques for improving 
the efficiency of solar cells made on dendritic web. 

The solar cell design chosen as a standard for material 

(7) 

evaluation is one that has been in use for some while in other studies. 

The general design of the test device is sho\m in Fig. 5. This design 
was originally Intended for making standard test cells on Czochralski 
material, and contains a number of test devices in addition to the 1 cm 
square cell in the center of the pattern. ^'Jhen this mask is used for 
fabricating devices on dendritic web material, only the central portion 
of the patterns is used. A typical dendritic web cell and a "baseline" 
cell on a Czochralski wafer are shown in Fig. 6, 
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The device proceooinc technique being uoed for coll fabrication 

is aloo very oitnllar to that W*.ng uoed for other otudicc, with several 

Graall changes appropriate to the web material being proceooed. First, 

the web surface is in a highly perfect condition as grotm, so no other 

surface preparation other than an OKide removing rinse is done. More 

importantly, since the material being gro^m on this program is of the 

"f* 

order of 150 um thick (6 mils), the cell structure includes a P layer 
on the back surface to provide a minority carrier reflecting back 
surface field (DSF). The entire process is summarised in the sample 
run sheet show as Fig. 7. In a given fabrication run, the Individual 
cell blanks are identified so that material from several crystals can be 
run and separately identified. Also included in every run are five 
Ccochralski wafers run as baseline material to give a check on the 
processing reproducibility. 

Once the cells are fabricated, they are measured under simulated 
AMI illumination and the data fed to a computerized data bank for reduction 
and printoui of the device characteristics. A typical printout is shown 
in Fig. 8. The Baseline cells are identified by a "B" in thelr^ID, and 
dendritic web cells by an "R" (except for IR which is a standard cell 
for calibrating the light 6 irce). An asterisk by the ID means that 
sample was not used in calculating the group averages. ISC is the short 
circuit current; VOC the open circuit voltage; IP the peak power; FF the 
fill factor, EFF is the efficiency and OCD is a lifetime measured from 
the diode decay of the device. The other data, LOG(IO), N, and R are 
parameters used in fitting the data to a standard model. The compute- 
program computes the parameter averages and standard deviations for the 
baseline cells and the experiment cells and also gives percent of 
baseline for the experiment cell averages. 

Generally, the solar cells fabricated on this program are 
measured without an anti-reflectance (AR) coating; if an AR coating is 
used, it is noted on the data printout. Several sets cells have 
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Web grown silicon N+/P/P+ Solar Colls (Back Side, P+ Identified by number) 


Start Date. 


Material: 


Quantity: 


Engr. P. Blais 


PROCESSING 

LOG 


Run or Sample 
RIBON 


Date 

Tech. 

Process 

— , ■ — n 

Special Instructions, Measurements, etc. 

■ 

1 Disp. 

C 



Identification 

Scribe serial numbers on either side of web near 
one end to identify P'^ side of structure 




CLEAN (1) 

HF:H-0 (1 to 10 ratio) dip 15 sec. 
HjO NH^, H 2 O 2 - HCl 




BORON (2) 
DIFF. 

Boron Deposition, BBr, G 960°C 2-20-2 min. Numbered side up, 
Very slow pull (5 minf2 inches) 




REMOVE (3) 
OXIDE 

3:1 (H 20 :HF) until all oxide is removed 

R, B fl/Q (Target value « 60 0/Q ) 




eVD (4) 

Si 02 

Deposit 5000 X eVD oxide Q 850'’C on back (numbered) side. 
Slow cool by reducing power very slowly (10 min.) 




ETCH (5) 
SILICON 

Mask eVD SiO, with apeizon wax 

etch silicon^on bare side, strip wax, H„S0.| 0 90°C for 5 min. 





44 cc HF + 26 cc HNO, + 29 cc Acetic S°C, Etch time = 5-10 sec 
Etch silicon between 5 to 8 um deep Check Conductivity Type 




CLEAN ( 6 ) 

HF:H,0 (1 to 10 Ratio) dip 5 sec. 
H 2 O 2 - NH 4 , HjOj - HCt 




POCi, (7) 
DIFFUSION 

Diffusion Temp. 825°C Time 50 min. Source Temp. = 0“C Flow Rates 
iP 8 w'’g^§i"by ^2.5 cc/min O 2 




REMOVE ( 8 ) 
OXIDE 

Strip deposition oxide 3:1 W_0:HF) 

Measure, R. = O/tT (Target value = 60 n/Q ) 




CLEAN (9) 

11280 ^ : HjOj 87“C, 5 min. Strip all oxides in darkness with buffered 1 
10/1 HjO/HF Dip 10 sec 

F. 



METAL (10) 

Top Side (side not numbered) only Ti 1500 A 20 A/sec 

Pd 500 A 10 A/sec 
Ag 20000 A 40 A/soc 


PHOTO (11) 
RESIST 

Mask #1 (contact grid) Waycoat IC, 4000 rpm, h = 1.7 um 
Exposure time = 3 sec (1^ = 0.2 pa) 




ETCH (12) 
METAL 

Ag-20-60 HpO- 6 Ammonium Hydrox.- 10-15 sec. Pd 
+ 30 cc HCE + 10 cc HNO.-S sec Ti-150 cc H,0 + 60cc HCi + 30cc 
Ammonium FI. 5 sec 




CLEAN (13) 

H,S0. at 7S“C “ 3 min 
Rinse in D.I. H 2 O 




METAL (14) 
BACK 

Ti 1500 A - Pd 500 A Back side is numbered 
Ag 20 KA 




SINTFR (IS) 

Temperature 550 "C Time 15 Min. 

Atmosphere = Hj, SOOcc/min. 




PHOTO- (16) 
RESIST 

Mask (Mesa) Kaycoat SC, 7000 rpm, h - 4.0 um 

Exposure time = IS sei’ (I 2 = 0.6 ua) , Apiezon wax back side | 




ETCH (17) 

SILICO.V 

44 cc HF + 26 cc HNO.. + 29 cc Acetic 5°C, Etch time = 5-10 sec 
Etch silicon betwecii‘.i to 5 um deep, Tiilystep um. 




TEST (18) 







! i 


I t 
I i 


1 1 


original 6/3''^7 


Fit;. 7* Soliir Cell Bun Sheet 
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Fig. 8 Sample Data Print-Out 
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been meaQured before and after a standard AR coating of 850 A of SIO 
and the results Indicate that the efficiency of the cell Is increased 
by 41.2 + 2S. A cell with an AMI efficiency of s.0.2% uncoated, will 
thus yield a 14.4Ti cell when coated. Therefore, in order to facilitate 
comparison of our data with cell data from other sources, we will report 
cell efflclcnoies converted to AR coated values unless othen^isc noted. 

Several general conclusions can be stated from the data 
generated so far. First, within a cell fabrication run, data from a 
riven dendritic web crystal clusters very tightly. This would indicate 
_;»at solar cell parameters are a valid means for characterizing the xreb 
material. Coll data from a given crystal processed in different runs 
is somewhat wore scattered, but still is renresentative of the crystal. 
Second, dendritic web can be processed into extremely good solar cells; 
some crystals yield devices with greater than 14% AMI efficiency. 
Conversely, web samples chosen from crystals witl> obvious defects such 
as lineage or mosaic structure yield cells with only about 10.3% 
efficiency. Moderate quality material yields cells in the 12 to 13 
percent range. Studies are now in progress to correlate solar cell 
performance with the structural perfection of the starting material. 

The second aspect of the solar cell program is to develop 
processing techniques for dendritic web which xclll yield solar cells with 
higher efficiency. The current approach to this task is to consider that 
the processing of dendritic web is the same as for Czochralskl material 
if due account is taken of the generally smaller thickness of the web. 
Studies so far indicate that the actual junction on the web is of 
extremely high quality. Attention is, therefore, being given to the 
matter of the back surface P layer. Presently this is being fabricated 
by a boron diffusion process, which has an industry reputation for some 
variability. A process based on an aluminum doped back surface is under 
investigation. This process has the promise of greater reproducibility 
ns well as possibly providing op'tical as well as electrical reflectioia 
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at the cell back surface. Since solar cells with greater than 14% 
efficiency have already been processed with the boron technique, enhanced 
optical reflectivity could bring this figure above 15%. Currently, 
equipment and materials are being set up to implement this process. 

Facility Design and Construction 

Design has been completed for a new web growth facility which 
will have dimensional capacity for web widths to four inches. Mechanical 
and electrical design of the system closely follows the concept of the 
most recent existing facility and is scaled up where needed to satisfy the 
greater dimensional requirements. The thermal design of the system is 
based upon thermal models and recent experience. Fabrication of 
components and assembly are in progress. 

A conceptual design has been developed to permit, at some 
possible future time, conversion of the new facility from low frequency 
Induction heating to more conventional and lower cost resistance heating. 

The existing web growth facility is in the process of being 
modified to permit web growth of width up to three inches. 
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3. PLANS FOR THE NEXT PERIOD 


Systematic changes in susceptor and lid configuration aimed 
at maximizing web width and minimizing thermally induced strain will 
be conuiaued, utilizing guldunce from the thermal modeling results. 

The experimental effort to date has utilized 75 ram diameter 
crucibles. Crucibles of 100 ram diameter have been ordered and will be 
tested in the near future. 

Thermal models of two new crucible/suscuptor configurations 
will be completed and applied to the design of appropriate hardware. 

The first new design will be a circular crucible/susceptor with a 100 ram 
ID crucible. Tlte second will be an elongated susceptor for use in the 
new web growth facility. The second thermal model (model of latent heat 
dissipation) will be applied to the problem of reducing curvature in the 
temperature profile in the web. The object will be to reduce possible 
thermal stress in the growing crystal. 

Much of the characterization of the dendritic web will still 
be of a dimensional character. In addition, measurement of residual 
stress in appropriate sample will be continued to evaluate the effect of 
lid design. Similarly measurement of crystalline perfection will be 
continued and expanded. Solar cell fabrication to characterize the 
dendritic web material will be continued. 

The new web growth facility will be completed and placed in 
operation. The existing facility will be modified to provide greater 
capacity . 
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4 . 


MEW TECHNOLORV 


No new technology occurred during this reporting period. 
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6. APPENDIX 


6.1 Growth Run Detail Summary for This Rev'orting Period 

6.2 Complete Set of Design Drawings for Silicon Web Growth Facility 
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GROWTH RUN DETAIL NUMMARY 
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GROV.TH RUN DETAIL SUMMARY 
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StroriK cirlft of ’’hold" during growth. 
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